Conjugated polymers (CPs) possess a wide range of desirable properties, including accessible energetic bandgaps, synthetic versatility, and mechanical flexibility, which make them attractive for flexible and wearable optoelectronic devices. An accurate and comprehensive understanding about the morphology-photophysics relations in CPs lays the groundwork for their development in these applications. However, due to the complex roles of chemical structure, side-chains, backbone, and intramolecular interactions, CPs can exhibit heterogeneity in both their morphology and optoelectronic properties even at the single chain level. This molecular level heterogeneity together with complicated intermolecular interactions found in bulk CP materials severely obscures the deterministic information about the morphology and photophysics at different hierarchy levels. To counter this complexity and offer a clearer picture for the properties of CP materials, we highlight the approach of probing material systems with specific structural features via single molecule/aggregate spectroscopy (SMS). This review article covers recent advances achieved through such an approach regarding the important morphological and photophysical properties of CPs. After a brief review of the typical characteristics of CPs, we present detailed discussions of structurally well-defined model systems of CPs, from manipulated backbones and side-chains, up to nano-aggregates, studied with SMS to offer deterministic relations between morphology and photophysics from single chains building up to bulk states.
Introduction
Flexible and wearable optoelectronic devices, being light, bendable, low-cost, and even stretchable, represent exciting future technologies in displays, light sources, solar cells, and wearable sensors, to name a few. [1] [2] [3] [4] [5] [6] [7] The advent of the rapidly blossoming eld of exible optoelectronics has been mostly triggered by the advancements in exploring solutionprocessable, low-cost, and mechanically exible semiconducting materials, especially organic semiconductors. 3, 4 The excellent plasticity and tuneable optical and electrical properties of conjugated polymers (CPs) make them an important class within the realm of organic semiconductors. In most of the CP-based optoelectronic devices, CPs as an active layer are employed in the form of thin lms with thicknesses of tens to hundreds of nanometers. Governed jointly by external processing methods (solvents, coating conditions, etc.) and internal molecular structures (backbone, side-chains, etc.), bulk lms in most cases are morphologically heterogeneous, possessing domains with varying degrees of order and non-uniform grain boundaries. Such morphological heterogeneity largely originates from the molecular and nanometer scale. Scheme 1A displays a morphological evolution from single CP chains up to a bulk lm. Given these facts, optical and electronic information from bulk lms is then an average of this large heterogeneity thus limiting the usefulness of conventional analytical tools on bulk lms for making connections between structure and function.
In order to effectively leverage CP materials in an array of applications, a fundamental understanding and a precise engineering regarding the morphological, optical, and electronic properties at different hierarchy levels from the bottom up are essential. To counter the heterogeneity in bulk CP lms, there have been many research efforts dedicated to studying nanoscale and molecular systems, i.e., nano-aggregates and single CP chains, in the past decade. Since the pioneering work from Paul F. Barbara's laboratory in the late 1990s on poly(2-methoxy-5-(2 0 -ethlyhexyloxy)-p-phenylene vinylene) (MEH-PPV), levels. [9] [10] [11] For example in order to connect structure and function it is critical to have some measure of the conformation or morphology of individual polymer chains and aggregates. This can be accomplished using uorescence excitation polarization analysis. A typical wide-eld laser optical microscope system for such experiments is illustrated in Scheme 1B. In these experiments, the uorescence intensity traces are modulated with a rotating linearly polarized excitation light and then tted with I(q) f 1 + M cos 2(q À f), where q is the excitation polarization angle and f is the polarization angle at maximum absorption. [12] [13] [14] The modulation depth, M, represents the anisotropy of the absorption (excitation) tensor projected onto the x-y plane of the laboratory frame and is related to the morphological order of individual molecules or aggregates, with M / 1 signifying an ordered and anisotropic absorber and M / 0 a disordered isotropic absorber. This method can be further expanded to examine the uorescence anisotropy of the CP emission and to look at anisotropy for both absorption and emission simultaneously. [15] [16] [17] For more details about the SMS technique in studying CPs in terms of instrumentation, sample preparation, and challenges and limitations, interested readers can refer to review articles. [8] [9] [10] [11] [18] [19] [20] By zooming in on individual CP chains from highly heterogeneous bulk states, single molecules represent the smallest possible scale for studying CPs. Yet, it does not necessarily exclude possible heterogeneities at the single chain level such as different single chain conformations. Recent research endeavours have revealed that CPs can be morphologically and optoelectronically heterogeneous even at the single chain level, given the complex roles of side-chains, backbone, and possible intramolecular interchain interactions. 12, [21] [22] [23] [24] [25] [26] For instance, one needs to be careful of intramolecular interactions due to single chain folding as a result of high molecular weight. In such a case, the molecule becomes a molecular aggregate (involving spatial 'intramolecular' interchain interactions) rather than a single isolated non-interacting chain that is under study. Therefore, even working at the molecular level, one still cannot completely break out of molecular heterogeneity.
To uncover deterministic relations between morphology and photophysics in CPs, one needs not only the analysis at the single molecule or nano-aggregate level but, more importantly, structurally well-dened systems. By "structurally well-dened systems", we mean CPs or model systems with the molecular weight, backbone, side-chains, assembly, etc., under strict control. Meanwhile, a bottom-up approach is also crucial so as to circumvent the complex interactions within a larger scale. By starting with well-dened molecular systems and understanding how factors such as molecular weight, side-chains, and backbone inuence the morphological and photophysical behaviour at the molecular level, higher order nanoscale systems -the building blocks of lms -can be envisioned by controlled assembly from single CP chains. This then facilitates new insights into the bulk lm photophysics. Herein, we will highlight the latest advances regarding deterministic relations between morphology and photophysics from single chains up to bulk states, obtained by combining specic model material systems and single molecule/aggregate spectroscopy. The review concludes with the prospective scientic challenges remaining in the study of photophysics, morphology, and materials design of CPs.
From single molecules to aggregates

Backbone
The backbone, the core structure of a polymer chain, plays a dominant role in determining the single chain conformation and the optoelectronic properties. Recent studies have demonstrated the usage of specically designed CP systems to probe the effects of backbone structural variation on single chain conformation and corresponding photophysical properties. These structural changes include manipulating defects, conjugation length, rigidity, and chromophore and main chain shape.
The impact of different types of defects along the backbone on the conformation and electronic properties has been investigated by the Barbara group using random copolymers of MEH-PPV that intentionally incorporated different chemical defect sites (Fig. 1A) . 27 As shown by the modulation depth, M, distribution histograms in Fig. 1B , together with molecular dynamics (MD) simulations, the rigid para-terphenyl defects appear to preserve the linear conformation of the backbone, while orthoterphenyl defects twist the backbone and lead to disordered chain conformations. Saturated defects allow for torsional freedom and lead to a wide range of conformations with high defect inclusion in the polymer chain. The structural variations result in blue-shied absorption of the polymers with more defects, as conjugation along the polymer chain is interrupted by the defect sites. On the other hand, there is no substantial difference in the emission spectra due to efficient energy transfer to the lowest energy emitting sites, which exist even in highly defected polymers.
Hildner et al. studied the impact of conjugation length on uorescence spectral properties for a ladder-type (p-phenylene) dimer and its corresponding polymer methyl-substituted ladder-type poly(p-phenylene), MeLPPP. 28 It was revealed that when going from the dimer to the polymer there is a signicant change in the electron-phonon coupling to intramolecular vibration mode. As shown in Fig. 2A , the low-energy skeletal stretch mode at $150 cm À1 observed for the single dimer molecule (solid, top) disappears in the spectra of single MeLPPP chains (solid, bottom), 28, 29 which is attributed to a reduced electron-phonon coupling strength and/or a reduced vibrational energy of the skeletal stretch mode with increasing pielectron delocalization. Compared to the dimer, the MeLPPP molecules exhibit a broader distribution in zero phonon lines (ZPLs) as a result of an increasing conformational disorder. On the other hand, the linewidths of ZPLs of the dimer and the polymer do not show differences as they are typically determined by interactions with the local environment.
The backbone rigidity strongly affects the morphology of single chains and nanostructures as well as the corresponding photophysics. Basché et al. studied a ladder-type CP poly(ladder-type pentaphenylene) (LPPentP) (Fig. 1C) , which is based on poly(para-phenylene) and constituted of stiff chromophores that cannot bend. Purely electronic ZPL have been observed in 66% of single LPPentP chains at low temperature.
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On the contrary, for MEH-PPV, a material with relatively more exibility, only about 10% of the molecules showed ZPL. 31 This lack of ZPL was assigned to linear electron-phonon coupling, which originated in the less rigid backbone of MEH-PPV giving rise to geometrical relaxation following electronic excitation.
As shown in Fig. 2B , single molecule excitation and emission spectroscopy showed multiple absorption sites with a single emitting site.
This result unmasked the nonemitting donor chromophores, which transfer their excitation energy to a low-energy emitting chromophore, leading to emission from a single emitting site. Gesquiere et al. investigated the effect of backbone rigidity on single chain conformation and crystallinity of nanobers of polythiophenes.
32 By examining PL spectra and emission polarization anisotropy, the authors found that the single polymer chain conformations do not necessarily translate into their respective self-assembled nanobers, 33 as factors such as side-chain interactions, solvent environment, and intermolecular interactions all might contribute to the overall morphology in aggregates. Therefore, care should be taken when correlating the isolated single CP chains' conformation with their morphology in self-assembled nanostructures.
Besides backbone rigidity, the shape of CP backbone also has a profound inuence. It has been reported that electron delocalization or conjugation is persistent even with bending and twisting of the individual chromophore segment. 34 Bending of the chromophores, however, would make them less stable and more prone to environmental effects such as oxidation, which ultimately reduces the effective conjugation. Such change in chromophore shape (at least for phenylene-vinylenes), rather than the overall conformation of a single chain, greatly inu-ences the spectroscopic properties. A comparison of lowtemperature single molecule emission spectral data between PPV oligomers (7-mer and 17-mer) and polymers showed that spectral broadening is intrinsic to single chromophores.
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Bending of the chromophore has a substantial effect on ultrafast electronic dephasing and spectral diffusion, which are two additional potential physical origins (except aggregation) for spectral broadening. The effect of backbone shape on ultrafast structural relaxation and exciton trapping has been studied by Lupton et al. in model systems of linear oligomers and cyclic structures based on carbazole-bridged phenylene-ethynylenebutadiynylene units (Fig. 3A) .
36 Fig. 3B shows that the dimer exhibits the largest red-shi in energy during the rst 200 ps, indicating a strong structural relaxation. In contrast, the torsional relaxation is largely inhibited in the structurally rigid macrocycle. Furthermore, the emission linear dichroism data shown in Fig. 3C reveals that exciton delocalization processes are also different: while the exciton acts as a linear transition dipole in linear oligomoers, it localizes randomly on different segments on the cyclic structure and results in linear dichroism values around zero.
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Collectively, these above studies surrounding backbone structure engineering underline the potential for synthetic strategies by manipulating backbone features to tune the chain conformation and the optoelectronic properties.
Side-chains
While the backbone of a CP provides the basis for the chain conformation and photophysics, side-chains function far more than just as solubilising groups. Signicant experimental evidence has shown that side-chains can drastically alter not only the morphology, but also the photophysics, introducing an extra means of 'tuning' the materials' properties. Factors such as the arrangement, size, side-chain density, and interactions between side-chains or with the surrounding matrix can alter the morphology and photophysics from the single molecule level.
The impact of regioregularity of side-chains on the morphology and physics of single chains has been interrogated in the prototypical poly(3-hexylthiophenes) (P3HTs) by our group and the Chen group (Fig. 4A) . SMS studies on P3HTs with high molecular weight (M n above 30 kDa) revealed higher values of the modulation depth (mean M value of 0.65) in regioregular-P3HT (rr-P3HT), indicating more ordered single chain conformation than the rra-P3HT case (mean M value of 0.43) (Fig. 4B) . 12, 23, 38 It should be noted that with these high M n , intramolecular chain folding occurs. Therefore, the disordered single chain conformation in regiorandom-P3HT (rra-P3HT) could be due to disordered intramolecular interchain packing and/or disordered unpacked chain segments. SMS data reported later on for P3HTs with M n of 10 kDa, at which no chain folding would be expected, 22, 39 showed that the mean M values of rr-P3HT and rra-P3HT are close, with M values of 0.70 and 0.62, respectively.
12 This observation suggests that the conformation of the short rra-P3HT chains is not severely disrupted by the random side-chain arrangement. It also indicates that the random side-chain arrangement in the rra-P3HT has a more dramatic inuence on the interchain packing, which is intramolecular in the case of high M n rra-P3HT. Theoretical calculations of the dihedral angle between adjacent thiophene rings from MD simulated structures of rra-P3HT revealed that the head-to-head (H-H) side-chain coupling twists the single chain conformation characterized by a dihedral angle of $55 degrees (Fig. 4C) , and therefore leads to unfavorable packing between chains and a shorter conjugation length along the chains. 13 Furthermore, to check if a longer distance of H-H coupling (i.e., reduced side-chain density) could mediate the twisted backbone conformation observed in rra-P3HT, we studied the regiorandom poly(3-hexyl-2,5-thienylene vinylene) (rra-P3HTV), which has an increased H-H coupling distance due to the presence of C]C bonds between thiophene rings. 13 SMS study revealed that rra-P3HTV single chains exhibit highly ordered single chain conformation. This result, in turn, substantiates that the twisted conformation in rra-P3HT is induced by close H-H arrangement, which can be largely eliminated by the longer distance of H-H coupling in rra-P3HTV (Fig. 4C) .
Experimental evidence has also shown that bulky sidechains usually prevent single polymer chains from forming a closely packed or an ordered conformation. [40] [41] [42] Vacha et al. have reported that the graing of long polystyrene (PS) sidechains on polythiophene signicantly suppresses photoblinking and high anisotropy as observed for polythiophene with short side-chains. This was attributed to inhibited exciton localization to one or a few segments in polythiophenes with PS branch side-chains as a result of hampering the collapse into ordered chain conformations. 40, 41 Side-chain structural modi-cations can also be utilized to inhibit interactions at the single molecule and aggregate level through means such as backbone protection with self-threading side-chains as reported by Scheblykin et al. 42 At the single chain level, these bulky substituents increase the effective conjugation length by preventing defect or kink formation, but much more distinctly they inhibit aggregation and packing. This prevents interchain energy transfer while allowing intrachain transfer along the backbone.
Recent experiments, both at the bulk and single molecule level have utilized hydrogen-bonding (H-bonding) and other dynamic bonding interactions for device and materials design applications. In bulk lms dynamic H-bonding has been used as a form of non-covalent cross-linking in order to enhance material elasticity for exible devices and facilitate a means of 'healing' cracks in the devices due to mechanical strain. 2, 43 At the single molecule level, we have taken advantage of Hbonding in order to selectively fold polymeric systems into desired congurations.
44 Fig. 5A shows structures of a polymer with no H-bonding (control polymer) and two H-bonding capable polymers containing carboxylic acid and urea groups, respectively. Compared to the control polymer, the two Hbonding capable polymer chains exhibited relatively higher average M values, indicative of more ordered folded conformations (Fig. 5B) . The urea-containing polymer in particular (Fig. 5A-3) , which was designed to display 'face-on' stacking of chromophores, has the largest mean M value (0.8) of the three polymers. In addition, this polymer also exhibits $0.06 eV red shi in the emission relative to the other two polymers. While these data do not denitively prove that these polymers fold as designed, it is strong evidence to support the idea that sidechains alone can be used to force polymers to fold in certain ways.
Furthermore, the modication of side-chains in CPs can also affect interactions with matrices, thus altering phase separation. Vacha et al. recently utilized this approach to isolate sidechain engineered polyuorene molecules in vertical cylinders of a phase-separated block copolymer lm. With the successes in this material's engineering, the authors have demonstrated single-molecule electroluminescence and accessed specic photophysics in polyuorene. 45 This work offers a unique approach to engineering single CP chains in surrounding media and device congurations.
Oligomers
To interrogate the morphological and photophysical interactions between conjugated segments (i.e., chromophores) in CPs, CPs themselves, even at single chain level in some cases, are not necessarily excellent models due to the possible and random existence of bends, kinks, twists or chemical defects along single chains. In comparison, shorter conjugated oligomers (COs) have specic advantages in structural control, synthetic repeativity, and purication. 46 By eliminating the inherent heterogeneity in long CP chains, COs have been used as excellent model systems for accurately probing the morphological and physical behaviour between chromophores in CPs.
For the prototypical MEH-PPV, the bimodal distribution of uorescence emission (i.e., red and blue emission) has been observed in both single molecule and bulk studies. The origin of the red emission, originally ascribed to low energy sites due to intramolecular interchain aggregation, 47 has been questioned and elucidated by intrachain chromophores with a longer conjugation length. 48, 49 By studying PPV oligomers with SMS and theoretical calculations, Vacha et al. revealed that distinct spectral forms can be due to variation in conjugation length caused by torsional defects. 50 In addition, spectral jumps were also observed between different spectral forms possibly due to torsional ips of a single phenylene ring, suggesting the dynamic nature of exciton delocalization even in short PPV oligomers. Kim et al. studied the effect of chain length on conformation and exciton dynamics in oligothiophenes. 51 The authors observed that with the increase in chain length, from 4-mer to 6-mer to 10-mer, the conformational order and the exciton delocalization reduces due to the bending of chains. COs have also been used to fabricate aggregates to probe morphology and spectroscopic information at nanoscale by the Peteanu group.
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Linked conjugated oligomers (LCOs), in which COs are joined through covalent linkers, not only inherit the aforementioned specic advantages of COs but also offer possible controllable interactions between conjugated segments. The latter offers a unique route in studying interactions between chromophores either along a single chain or spatially between different chains. The H-bonding capable polymers demonstrated in Fig. 4 also serve as a good example here. The dynamic nature of energy transfer between chromophores was elegantly examined by Lupton et al. using LCOs with two oligomers in either an obliqueangle or parallel geometry (Fig. 6A) . 54 The Förster resonance energy transfer (FRET) dynamics was examined by probing the emission polarization and the intensity as a function of time. Fig. 6A shows the data obtained for the open dimer. Interestingly, strong uctuations of emission polarization were detected when the two oligomer chromophores were active as shown in the uctuation of linear dichroism in Fig. 6A . This suggests that the FRET pathways switch reversibly between the two oligomers, that is, each oligomer temporarily takes the role of FRET donor or acceptor prior to photodegradation occurring in one, possibly due to temporal stabilization of a certain chromophore. This study clearly demonstrates that the excitation energy in CPs should be pictured as a dynamic process where a random threedimensional FRET pathway is present. The morphology dependent energy transfer process in MEH-PPV was explored by Ghiggino et al. using a pendant LCO of PPV which has a saturated backbone spacer between the pendant PPV oligomers. 55 Despite the nominally same lengths of the pendant PPV oligomers, energy transfer to single emitting sites was detected for most LCO molecules using defocused wide-eld microscopy. This result indicates that the specic morphology of each individual chromophore, as well as its interaction with the surrounding matrix, play signicant roles in determining their electronic landscape and the energy transfer processes.
In order to study how to control the folding properties of polymeric systems, our group designed LCOs in which conjugated bis(2-ethylhexyl)-p-phenylene vinylene (BEH-PPV) oligomers are joined by different morphological directing groups, i.e., exible, bent, and rigid linkers. 56 The LCOs with rigid linkers produce ordered single chain conformations wherein the oligomers are aligned, while by contrast, the LCOs with bent linkers exhibit distorted conformations. Interestingly, the LCOs with exible linkers exhibit a dependence of single chain conformation on the length of the conjugated oligomer segments (Fig. 6B) . 57 By increasing the length of oligomers, more ordered conformations of the LCO single chains are observed due to the stronger interactions between longer conjugated units as demonstrated by the structures from MD simulations shown in Fig. 6B . The mean M value increases from 0.39 for the LCO of trimer to 0.75 for the heptamer. Furthermore, recently our group demonstrated that by modifying the side-chain interaction via hydrogen-bonding, the LCO of trimers with exible linkers can be tuned from disordered to ordered conformations (Fig. 5) . 44 Recently, Barnes et al. have designed LCOs with different linker lengths and examined how the length affects the folding of LCOs. 58 In this study, the relatively short exible linkers could act more like a simple pivot or defect in CPs. The authors discovered that the longer exible linker leads to chromophore interaction as long as the chromophore movement is allowed. In contrast, the use of short linkers can constrain the chain folding. These systematic studies have provided not only a clear picture of the factors affecting the folding properties in polymeric systems but also a new route for synthetic consideration to achieve desired morphologies and functionalities in a more controllable way.
Nano-aggregates
For CP lms applied in various optoelectronic applications, the morphology is usually dominated by nanoscale domains which are connected with relatively amorphous domain boundaries, as shown schematically in Scheme 1. Therefore, the nanoscale domains not only are building blocks for bulk lms but act as a bridge between the gap of single CP chains and bulk states. Isolated and easily handled nano-aggregates can be viewed as model systems of the domains in bulk lms. The knowledge about the morphology and physics in the nano-aggregates is important to understand, predict, and control the lm phenomena.
59-66 Barbara et al. studied the size-dependence of spectroscopic properties of MEH-PPV nanoparticles and found that bulk-like properties can be achieved with MEH-PPV nanoparticles larger than 10 nm. 67 Frechet et al. found that with enhanced regioregularity of side-chains the crystallinity of P3HT nanoparticles increases and the PL spectrum red shis correspondingly. Barnes et al. revealed that the crystallinity of P3HT nanoparticles increases with the size, which could be responsible for a fast PL depolarization in large crystalline nanoparticles. 68 In a recent study, our group fabricated P3HT aggregates with a triblock polymer (P3HT-PtBA-P3HT, here PtBA represents a exible linker of poly(tert-butyl acrylate)) in a series of solvents of which the dielectric constant are tuned ranging from 2 to 20. These experiments produced compelling evidence of the charge-transfer state as a major reason for the drop of P3HT emission quantum yield in aggregated state. It should be noted that the CP nano-aggregates reported in these initial works were usually prepared with a simple reprecipitation method. Typically, in this method CPs in a good solvent are quickly mixed with a poor solvent, leading to a rapid agglomeration of CP chains. Hence, the morphology of nanoaggregates formed in this way is not precisely dened.
To get a clearer picture about the relations between nanoscale morphology and photophysics, control in the morphology of nano-aggregate was exerted via fabrication techniques. Grey et al. assembled P3HT nanobers slowly from a hot toluene solution and discovered photophysical behaviour of J-aggregates (i.e., stronger 0-0 transition relative to 0-1 side-band) (Fig. 7A and B) . 69 The formation of J-type nanobers can be ascribed to enhanced intrachain order over the interchain counterpart. In comparison, mixed H-type nanobers (i.e., with dampened 0-0 emission) can be formed via rapid growth in anisole. Meanwhile, Barnes et al. demonstrated a molecular weight dependence of the H-and Jtype character in P3HT nanobers, where small chains tend to pack to H-type aggregates while high molecular weight chains tend to have J-type character due to enhanced chain extension as a result of folding. 70 Grey et al. further studied the inuence of J-and H-type character in the nanobers on the exciton interconversion and interactions between triplet and singlet using excitation intensity modulation spectroscopy. 71 This method involves uorescence intensity modulation by repetitive cycles of a sequence of variable-intensity excitation pulses on single nanostructures. 72 The uorescence intensity drop (modulation depth) at the beginning of each pulse is ascribed to singlets quenching by triplets. It was found that for the assembled nanobers with J-type character, the modulation depth is much higher than the H-type nanobers (Fig. 7C) . This interesting observation has been elucidated by the formation of triplets from delocalized and long-lived polarons in the J-type nanobers, evidenced by the uores-cence modulation depth and its sensitivity to oxygen. Furthermore, the discoveries referenced above demonstrate the control of self-assembled nanostructures in understanding and manipulating the exciton coupling and spin state photophysics.
A more precise control in the morphology and size of the nano-aggregates was realized using a so-called solvent vapour annealing (SVA) technique developed by Vogelsang et al., [73] [74] [75] which is schematically illustrated in Scheme 2. In this method a concentrated single-molecule sample is treated with a solvent vapor of a mixture of good and poor solvents, where the good solvent can dissolve both the single CP chains and the poly-(methyl methacrylate) (PMMA) matrix while the poor solvent can only dissolve the matrix. By tuning the ratio of the good and poor solvent and the concentration of the initial single molecule sample, the size of the formed aggregates can be controlled. During SVA, the diffusion of CP molecules inside the swollen PMMA matrix triggers the formation of CP aggregates. These authors assembled highly ordered MEH-PPV aggregates consisting of 25-45 chains and observed ultralong distances of energy transfer from 20-30 nm up to 60 nm.
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The deterministic effect of side-chain arrangement and size on the interchain interaction was systematically investigated by our group using SVA assembled aggregates of rr-P3HT, rra-P3HT and a polythiophene derivative with bulky side-chains poly(3-(2 0 -methoxy-5 0 -octylphenyl)thiophene) (POMeOPT) (Fig. 8A) . 12 It was found that the ordered side-chains in rr-P3HT strongly favour the ordered interchain morphology, as indicated by an average M value of 0.80 for aggregates with $100 chains (Fig. 8B) . With this size, the aggregates exhibit emission intensity blinking as a single molecule, indicating an efficient exciton migration in these ordered rr-P3HT aggregates (Fig. 8C) . Exciton diffusion up to a length scale of 30-40 nm was approximately estimated from the blinking data in bigger sized aggregates. In stark contrast, the random distribution of sidechains in rra-P3HT drastically disrupts the interchain morphology even between only a few chains as demonstrated in Fig. 8B , which correspondingly inhibits efficient exciton coupling and migration between the chains (Fig. 8C) . With POMeOPT aggregates, we discovered that the interchain exciton coupling is strongly prohibited (except for relatively short chain aggregates) evidenced by a chain-by-chain photo-degradation behaviour displayed in Fig. 8C . The long interchain packing distance ($7Å) and the slightly disordered packing account for a part, but denitely not all, of the reduction in the interchain excitonic coupling in POMeOPT. The competition between intrachain and interchain coupling mechanisms has further been revealed by comparing the POMeOPT aggregates with different polymer chain size in terms of their blinking behaviour and spectral characteristics. Very recently, Vogelsang et al. also demonstrated successful control over interchain coupling (i.e., H-type, J-type, and suppressed electronic coupling) in isolated CP aggregates by tuning the side-chain structure of CPs and the SVA process.
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Backbone uorination has proven to be an important strategy in developing high-performance conjugated polymers for photovoltaic applications. The uorination effect of the polythiophene backbone on the electronic and optical properties was recently interrogated by our group using two polymers, i.e., regioregular poly(3-ethylhexylthiophene) (rr-P3EHT) and poly(3-ethylhexyl-4-uorothiophene) (rr-F-P3EHT) (Fig. 8A) .
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Despite the high regioregularity, the rr-P3EHT single chains exhibit a broad distribution of conformations due to the large size of the side-chains. This, in turn, results in relatively disordered interchain morphology in SVA assembled aggregates with several polymer chains (Fig. 8D) . On the other hand, for rr-F-P3EHT, a more extended and ordered single chain conformation was conrmed with both M measurement and MD simulation. Thus, ordered single F-P3EHT chains generated highly ordered interchain packing in F-P3EHT aggregates as seen in the M distribution histogram in Fig. 8D . Surprisingly, for the typical 4-chain F-P3EHT aggregates, about 4-step photodegradation behaviour was observed (Fig. 8E) and $3.5 emitters were calculated in the photon correlation measurement (Fig. 8F) . Therefore, despite the ordered interchain morphology and the close interchain packing ($3.8Å), the exciton coupling in F-P3EHT aggregates is hampered. This is attributed to the dominant and competitive coupling along F-P3EHT chains due to the uorine-induced extended backbone. Meanwhile, it was also found that the highly ordered packing in F-P3EHT surprisingly leads to a reduction in the energetic heterogeneity of the individual chains as the intrachain coupling is increased, based on the aggregate spectral data. This provides an unusual result that the ensemble of chains in the aggregate has a narrower distribution of energies than the corresponding distribution of individual polymer chains. This study highlights the intricate and subtle interplay between interchain and intrachain exciton coupling as a function of interchain ordering and single chain conformation.
Conclusions and outlook
Morphology and photophysics play signicant roles in determining the functionality and performance of CP materials in a broad range of optoelectronic applications. The combination of the SMS technique and structurally well-dened model systems offers the ability to explore the information washed out by heterogeneities in ensemble measurements. With manipulations in side-chains, backbone, oligomer model systems, and controlled assembly of CP aggregates, recent research efforts have revealed new insights into the morphological dependence of exciton coupling, exciton trapping, energy transfer, charge transfer, excitation interactions, etc., at different hierarchy levels. Taken together, these results create a clearer picture of how the morphology and photophysics of CPs evolve from individual chains up to bulk states. Meanwhile, these investigations serve to motivate researchers to develop material systems with the desired morphology and functions that are appropriate for specic applications. We believe that the continuous efforts in SMS on CPs will keep contributing to revealing complicated phenomena in CPs and pushing forward the materials and device engineering for advancements in organic semiconductor electronics.
The majority of SMS works so far have been focused on prototypical CP systems such as PPV and P3HT. Investigations on material systems with better performance and/or new functionality, such as low bandgap CPs, n-type CPs, and conjugated metallopolymers, are still lacking although these CP systems have been in the eld for years. Many fundamental questions regarding in-depth molecular morphology and photophysics in these complex systems are still open. For these complicated CP systems, simplied model systems such as oligomers and copolymers could play more important roles to sort out research targets from the heterogeneous pool.
From the technique point of view, the vast majority of the current SMS approaches are dominantly based on uorescence. Momentum is needed to push forward the advancement of the technique, for instance, by developing new characterization techniques in single molecule spectroscopy and by integrating SMS with other characterization or manipulating techniques. The Orrit group recently demonstrated exciting simultaneous measurement of both absorption and PL emission of single MEH-PPV molecules using near-critical xenon in photothermal microscopy.
78 Such a demonstration has enriched the tool kit of SMS. Further revelation of single molecule absorption will certainly benet our understanding of photophysical behavior of single molecules. Additionally, the coupling of SMS with other characterization techniques is expected to be very useful in the study of morphology, optical and electronic properties of CPs. For instance, scanning tunneling spectroscopy, with a capability of probing local single chain or aggregate morphology and electronic properties, can be combined with the SMS to explore more direct property relationships. Atomic force microscopy can also work together with SMS, as demonstrated by the Vacha group, 79, 80 to investigate the optical and electronic properties as a function of mechanical stimuli of single chain or aggregate, which will offer useful information for developing exible optoelectronics of CPs.
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